The Fenton chemistry comprises both the classical Fenton reagent and its modification, so-called Fenton-like techniques, which have received great attention as a promising technology for wastewater treatment. In the present study real wastewater from different sources (leachate from oil shale semicoke landfill, pharmaceutical effluents from medical ointment production, municipal landfill leachate and wastewater originated from food-processing) were treated by means of Fenton/Fenton-like systems. The effectiveness of wastewater treatment was assessed by COD removal. Additionally, biodegradability improvement (BOD 7 /COD) and acute toxicity reduction of investigated wastewater samples were observed. The application of the Fenton chemistry to wastewater samples with different origin resulted generally in 70% or higher COD removal. Thus, the Fenton could be effectively applied both as a single treatment method and pre-treatment step to improve subsequent biodegradability of wastewater effluents.
INTRODUCTION
Research into new and more efficient wastewater treatment technologies feasible to degrade the complex refractory compounds into simpler molecules is vital to combat the deteriorating water quality. Chemical oxidation with hydroxyl radicals, which non-specifically oxidises target compounds in solution at near-diffusion controlled rates, has recently emerged as an important class of technology for purification of wastewater.
Oxidation process that utilises activation of hydrogen peroxide by iron salts is referred to as the Fenton reagent.
The hydrogen peroxide and iron catalyst combination has dual functions of free hydroxyl radicals' pre-oxidation as well as ferrous/ferric coagulation. Non-specific reactivity of hydroxyl radicals generated during hydrogen peroxide catalytic decomposition is feasible in degradation of a wide range of organic compounds. Both the classical Fenton reagent and its modifications, so-called Fenton-like techniques, have received great attention as a promising technology for wastewater treatment.
Coagulation and oxidation both contribute to the removal of pollutants from wastewater whenever the Fenton process is utilised, and their relative importance depends on wastewater characteristics and reaction conditions. Generally, an initial pH between 2 and 4 favours the Fenton reaction. In addition, the ratio of the Fenton reagents greatly influences process efficiency because it determines the degree of scavenging of hydroxyl radicals (Neyens & Baeyens 2003) . Reagent addition mode, final pH, temperature and oxidation time may also influence the efficiency of wastewater treatment. An appropriate optimization of the Fenton treatment can effectively reduce COD, increase the ratio of BOD/COD, and detoxify contaminated media.
In general, the use of Fenton process can lead to the complete mineralisation of some organic compounds, doi: 10.2166/wst.2009.585 converting them to CO 2 , H 2 O and inorganic ions. However, this would usually involve a large excess of chemicals often preventing the process from being cost effective. Hence only partial degradation usually occurs (Huston & Pignatello 1999) . It should be also noted that Fenton's chemistry is not a universal solution as there are many chemicals, which are refractory towards Fenton's reagent such as methylene chloride, oxalic acid, acetone, etc. Moreover, it may happen that a certain compound in the waste stream is oxidized to some of the above-mentioned compound (Gogate & Pandit 2004) .
The Fenton treatment can be implemented not only alone, but also in tandem with other processes (Martins et al. 2005) . Addition of the Fenton reagent along with the components of other treatment process often leads to enhanced degradation. High efficacy of the Fenton chemistry was proved for the treatment of wastewater from winery (Yang et al. 2008) , wood pulping effluents (Perez et al. 2002) , agricultural effluents (Trujillo et al. 2006; Cañ izares et al. 2007; Kallel et al. 2008; Lee & Shoda 2008; Yetilmezsoy & Sakar 2008) , nuclear laundry wastewater (Vilve et al. 2009 ), etc. The most common employment of the Fenton pre-treatment has been shown in several cases to improve biodegradability under aerobic and anaerobic conditions (Chamarro et al. 2001 ).
In the present study the iron(II) catalysed hydrogen peroxide was utilized for treatment of real wastewater of different origin. The leachate from oil shale semicoke landfill, pharmaceutical effluents from medical ointment production, municipal landfill leachate and food-processing wastewater were treated with the classical Fenton and Fenton-like systems. The combination of the Fenton treatment with lime coagulation was also investigated for some wastewater with the purpose of improving the overall treatment process efficacy. Table 1 .
METHODS
The effectiveness of wastewater treatment was assessed by Supplementary increase of H 2 O 2 /COD ratio to 3 did not enhance notably an overall efficacy of the treatment (74% COD and 65% BOD removal) when the reagents were added all at once, however resulted in additional improvement of the biodegradability (BOD 7 /COD ¼ 0.61) probably due to further degradation of oxidation intermediates.
However, in the case of H 2 O 2 /COD ratio 3 the three-step additions of reactants led to additional removal of organics (overall removal of COD 78% and of BOD 72%).
The Fenton oxidation was applied to the raw leachate without pH pre-adjustment (pH 8.1). With H 2 O 2 /COD ratio 2 the treatment efficacy was inferior to that for preacidified leachate. It was found that the need for acidification could be overcome with the increase of the H 2 O 2 /COD ratio to 3 and prolongation of treatment to 24 hours. In the latter case stepwise addition of both the catalyst and the oxidant were also beneficial (see Figure 1 ) and further improvement of the biodegradability was observed (BOD 7 / COD ¼ 0.68).
In spite of significant reduction of the organic content the application of the Fenton resulted in slight (EC 50 increased to 3.5%) reduction of the toxicity of the leachate.
Thus, the treated leachate remained very toxic.
The Fenton treatment was proved quite potential for organic degradation in municipal landfill leachate enabling the COD and BOD reduction of more that 70%. In this case it was favourable to use pre-acidification of the samples.
Otherwise higher oxidant doses and prolonged treatment
should be used.
Oil shale semicoke leachate
The initial leachate was basic (pH , 10), heavily contaminated with organics, quite toxic and only partly biodegradable (see Table 1 ). To guarantee complete utilisation of the oxidant the duration of Fenton treatment was 24 hours.
However, it was found out that the reaction is mainly completed in two hours.
It was ascertained that no pH pre-adjustment was necessary as pH dropped rapidly to the value , 2.5 due to the formation of acidic intermediates. Thus, the treatment may be conducted in the Fenton-like mode (without pH adjustment In the case of oil shale semicoke leachate the manner of hydrogen peroxide addition did not affect considerably the treatment efficacy. Therefore it can be concluded that hydrogen peroxide may be added all at once.
The Fenton-like treatment substantially improved the properties of the effluent (see Figure 2) respectively (see Figure 1 ). Substantial detoxification was also observed when lower H 2 O 2 /COD ratios were used in the Fenton/Fenton-like treatment.
Thus, Fenton-like treatment can improve significantly the environmental properties of oil shale semicoke leachate.
Improvement of the biodegradability and reduction of the toxicity is a presumption for successful application of
Fenton oxidation in tandem with biological treatment.
Food-processing wastewater
The food-processing wastewater comprised spoiled raw material or spoiled manufactured products, rinsing and washing water, condensing and cooling waster, process water, floor-and equipment-cleaning liquids, products Because of high particulate matter content the samples were pre-treated with sedimentation i.e. left to settle for 2 hours. The sedimentation led to substantial reduction of COD, TS and TSS by 26, 23 and 91%, respectively. The
Fenton oxidation was used for settled samples with the main parameters as presented in Table 1 . All mentioned Fenton treatment trials were carried out without wastewater's pH adjustment (since the pH of wastewater was reduced to 2.7-2.9 during the first few minutes after the Fenton process initiation) and with combined ferric/lime post-coagulation.
Similar to other types of wastewater COD removal improved with increasing of H 2 O 2 dosage from 50%
increase in H 2 O 2 /COD ratio to 5 resulted in reduction of the COD removal efficacy (see Figure 3 ). The Fenton treatment led also to noteworthy enhancement of the biodegradability.
The step-wise addition of hydrogen peroxide enabled further increase in the treatment efficacy with the highest COD removal of 83% in the case of three-step addition and H 2 O 2 /COD ¼ 4. Also, the test in two-step addition not only of H 2 O 2 , but of both constituents the Fenton reagent has been conducted. The achieved results were almost identical to results of the experiment with two-step addition solely. Therefore, the addition of iron-catalyst all at once at the beginning of the Fenton treatment was considered as advantageous one.
The biodegradability enhanced constantly with the increase in H 2 O 2 /COD w/w ratio resulting in the highest BOD 7 /COD of 0.67 observed at H 2 O 2 /COD w/w ratio of 4:1. However, stepwise addition of H 2 O 2 did not favour the biodegradability enhancement (see Figure 3) .
The combined method of pre-sedimentation/the Fenton treatment without pH adjustment/lime post-coagulation proved effective for food-processing wastewater treatment resulting in the overall COD removal of 87% (H 2 O 2 /COD w/w ratio of 4:1 in three-step addition of H 2 O 2 ) and considerable improvement of the biodegradability of treated wastewater.
Pharmaceutical effluents from medical ointment production
The initial wastewater was heavily contaminated with organics (COD values of 16, 500 and 24, 200 and BOD 7 values of 4,800 and 9,900 for samples C and D, respectively). However, the local purification conducted with adsorption reduced the organics' content to the levels indicated in Table 1 . Thus, all data presented here concern adsorption pre-treated wastewater samples. Modification Further increase in treatment time to 4 -6 h resulted in 1 -3% additional COD removal, and thus proved unjustified.
The Fenton-based treatment efficacy proved dependent on wastewater composition. Thus, irrespective of reaction duration, Effluent C was more recalcitrant to oxidation than Effluent D (Figure 4 ). However, in both cases the Fenton treatment was found very efficient for COD and BOD reduction. Even moderate H 2 O 2 /COD weight ratio as 0.5 resulted in substantial organics removal (ca 60% of COD and BOD for both effluents).
Application of H 2 O 2 /COD ratio of 2:1 resulted in 13 and 8% of residual COD for Effluent C and D, respectively.
In the latter case improvement of the biodegradability was The results also indicated biodegradability improvement and toxicity reduction (according to Daphnia magna acute toxicity test) for the majority of treated samples.
Moreover, the combination of the Fenton treatment with lime coagulation showed supplementary COD removal and biodegradability increase and could be effectively applied as post-treatment step to improve the properties of effluents.
In general, the Fenton oxidation step proceeded rapidly, therefore, the duration of the Fenton oxidation step could be limited to 2 hours. However, the prolonged reaction time (6-24 hours) resulted in some cases in additional (3-10%) removal of COD and BOD. Thus, the Fenton-based process could be effectively applied both as a single treatment method and pre-treatment step to improve the environmental properties of the effluents.
